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w Gon adsorption study Was Perfarmed using hħhydantoin, 


S,5-dimethyihydantoin, and S-ethyl-S5-metnylhnydantoin as solutes. 
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ّت خ  | 0 30د‎ to determine the relative ordar of adsorption strength 


Me activated carbon. tacos SOT ausoretion of 
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tions asz well as an undiluted coal gasification waztaewater con- 
Bing predominantiy hydantoin compounds. The column adzorption 
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Bere, but its adsorptive properties were not discovered until 
much later. Mires the German chemist Kar] Wilhelm Scheel 
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activated cargon has been used 
age industry as wall as in water purification and wastewater 
treatment Processes tao remove tastes, odors, colors, and organic 
Meur itis from solution. 

In a wastewater treatment procasszs design 1n which activated 
carbon 15 viewed as a prospective alternative, typically batch 
kinetic studies, adsorption itotherm studies, and column studies 
are parformed on a bench-scale to determine the adsorption 
kinetics of the system. OEE TNE adsorption kinetics ara charac- 


Persad, a mathematical model can be daveloped to substantially 
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EE the adsorptive capabilities af the carbon for the solute 


EN :"u5us concentrations and flow rates for a carbon contactins 











system. A pilot plant Can be designed based upon the model and 


10 
(D 


Ic data, which operated under field conditions similar to 
the full-scale treatment process, can provide data to design and 
Meets the full-scale carbon contacting system. 

Activated carbon 12 often used as a contact medium for 
biological treatment systems since it has the excellent charac- 
NES of being lightweight, having a larae surface area; a 


BEES vold volume, and surface properties that are conducive to 


mur 5»wth of microorganisms (Wormann and Froetell, 1377). The 
cea carbon may also adsorb inhibitors to microbe metsbolien 
Meena is allow the biological treatment process to continue 


Bven though inhibitory agents are present in the waste stream. In 


this regard, it ı5 particularly useful as a medium for anaerobic 
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being studied as a treatment alternative for the water quench 
waste stream from a pilot-scale coal gasifier operated by the 
University of Marth Dakota Energy Research Canter (UNDERC) 
Mon, at al., 1333). Tha UNDERC gasifier is in a Commercial 
ma ash, slasggins fixed-bed configuration. Coal 13 Gravity fed 
from hoppers at the top of the gasifier, and is combusted and 
TES by a countercurrent flow of hot gases. An oxygen/stesnm 
mixture is introduced at four tuyeres positioned above the 


hearth. 5م‎ 0-5 ت4١‎ the bottom or the furnace while hot product 
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gasifier at approximately enter a spray 
cooler or water quenching vessel where recycled gas liquors 
Seema With the gas stream removes soluble gases and devolitaliz- 
ation Products. The soluble gases removed include NE, CO2, HCN, 
and Has while the devolitalization products include tars, 0113, 


Sa ter vapor. Muero gas then 15 processed through an 


and water vapor 
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tar/oil/water separator where oils and tar are gravity separated. 
The wastewater stream 15 then gravel filtered to ramove residual 
tars and passed through a solvent extraction column for the 
removal of phenol. The solvent used i185 diisapropyl] ather. Tha 
solvent-extractead wastewater iz then heated through a heat 
Sememenger to 1909F to 2009F and introduced to a stripping tower. 
A counterflow of steam removes ammonia and acid gases fram the 


MaS tewater. [he solvent-extracted, ammonia-stripped wastewater 
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Nas the following characteristics (Willson, et al., 1383): 
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EDI to introducing the waste stream to the anaerobic 
Mar.) it is diluted ten times and the carbon bed is operated in 


the expanded mode using recycled filter effluent. Hb dilutes 
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metabolize the waste constituents and pravents a Shack loading aft 
the filter. The anaerobic filters initially remove substantial 
meets Of COD, but are soon inhibited due to toxic constituents 
in the waste stream. Pass ii trat the activated carbon 
which makes up the contact medium for the anaerobes if adsorbing 
ES loxXIE inhibitors during the initial stages of COD removal, 
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from the waste stream and produces inhibitory or Los 
moe anaerobic bacteria in the filter. 

From Table 1, the waste component in highest concentration 
0000 0 030119518 at 2500 mg/l. Of the 2600 mg/l, 3,3-dimethy lhydan- 
makes up approximately 2100 ma/l1l and S-ethy1l-S-methylhydan- 
Eus 500 mg/l (Willson, et al., 1983). The hydantoins are not 
pmo yy Gevolatilization products, but are formed during water 
quenching and tar-ail separation from the reaction of ketones, 
Bes, ammonia, and carbon dioxide by the following reaction 


EN on, et al., 1353): 
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Hydantoins are not easily degraded by either chemical or 
biological means (Willson, et al., 1923), and could possibly 
inhibit anaerobic metabolism. Should the anaerobic filter efflu- 
ent be used as cooling tower makeup water, the hvdantoins must be 


Nu VGSd to prevent adverse effects on the performance of the heat 
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Et of adsorption of adsorbate that can occur. The adsorbent 


Used was activated carbon, the adsorbates 
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EN garmethylhydantoin, and S-ethyl-5-methyihydantcin, and the 


solvent used was distilled deionized water 
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Eusorbent, Activated carbon is produced from charring raw 
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materials by carbonization and activation‏ لات 31ا] دنا 5د 
processes. MuEIdgEe3ubDgndcatisns the char 15 farmed by slowly‏ 
Na the raw materials to temperatures usually up to 600°C. in‏ 
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Nu ocess or to impart certain properties in the final 


AS ted carbon (Hassler, 1963). Once Heated, the char 1 
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"activated" by exposure to oxidizing gases such at carbon 


eee Steam, or alr. The activation process "burns out" 
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readily oxidizable materials to form micropores and macropoaores 
within the individual char particle (Mattson and Mark, 1371). The 
formation of micropores and macropores provides the large 
MS | surface area typical of the activated carbon particle. 
Mina activation, the remaining solid portion of the carbon 
DE le 13 formed into microcrystallites of carbon. Microcrys- 
tallites ara structures of fused and turbostratically arranged 
carbon rings. The carbon rings are hexagonal in shape and are 
flat or in the form of planez.. The diameter of the planes are 
MOZO to 30 angstroms, and are turbostratically arranged due to 
various functional groups at the edge of the basal planes farming 
bonds of various configurations between adjacent planes. These 


Ber ıonal groups consist commonly of carboxyl, phenolic, and 





guinone groups, and sometimes include normal and flourascein-ty 


Pennies, Carboxylic acid anhydrides, and cyclic peroxides 
(Mattson and Mark, 1971). Hennig (1965) employed electron 
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of surface oxides Tori 


= 


ed before and after cleaving Qu EE 


ni 


ite 


0| 725251١ five times, he determined that the amount of surface 


pues formad did not change. Since the area of the basal plan== 
was increased by a factor of six and the edge surface areas 
remained constant; Hennig concluded that that tne oxygen reacts 
Due crystallite edqes only. The micropores are formed by 


rmt of individual microcrystallite planes. Pie oir nat 


aat occurs 15 enhanced by the vacancies that occur due to the 


meievatre ot Volatile materials durina carbonization. MN Fane oo Fb 


Of the Micropore is generally ¢€100 angstroms while the diameter 


Or the macropores is greater than 100 angstroms. The walls 


of the 


micropore makes up the majority of the surface area available 


Within the carbon particle (Snoeyink and Weber, 1957). 


Carbonization and activation temperature plays a key 
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EN uns! size of the microcrystallite and defines the particular 


meee ional group that can be expected to be found on the surface 


Eus carbon particle. AV aten temperature increases, 


Ms ze of the microcrystallite tends to increase. Puri 
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NE ned that by outgassing a carbon at 6009 C, he virtually 





eliminated acidic CO -complexes leaving anly CO-complexes on the 
Eu 0f the carbon. Outgassing at 1000°C aliminated tha 
CO-complexes leaving the carbon virtually oxygen Tree, Using the 
Gutgassed carbons in adsorption isotherms with phenol, Puri 
determined that the carbon outgassed at 600°C having predomin- 


Ek Comp Les ee was a better adsorbent the carbon (Coutgassed‏ 7 | 1ه 


BENUNS?UC) having virtually no oxygen complexes (Puri, 1974). 
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Some carbons may have large percentag B1 OZ IEA 825555 
Io rsanic ash chemically adsorbed on the surface which would 
attect the carbon's overall adsorption characteristics. 
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Oxyaen complexes aff adsorptive properties of the 
Bey alterina the polarity of the carbon surface. The carbon 
are tends to have lets adsorption capacity for non-polar 


Sasorbates when oxygen surface complexes ar ent, and 
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increased adsorption capacity for polar adsorates. Also, adsor- 
bateas that have a tendency to combine with oxygen are more 
readily adsorbed than those adsorbates that da net (Snoeyink and 
Weber, 1967). Oxygen may appear on the carbon surface by three 
means: the starting material contains oxygen which remains stable 
ادن‎ 3 the carbonization and activation processes, oxygen may be 


physically adsorbed by carbon at room temperatures while in 





GOmtact with alr, and oxygen may b 
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chemically adsorbed during 
006 |3116 by oxidizing agents. Once formed by whatever means, 
the oxygen complexes (CO and CO, 
and can only be removed by degassing at very high temperatures 
(Puri, 1973). The heat ot adsorption for oxygen on activated 
EN MSt 209C is initially about 1080-110 kcal/mole (Mattson and 
Nus 1971). 

Hydrogen may be found as terminal groups attached to the 
"00000 03093 planes of the microcrystallite or as a part ot func- 
emma Groups attached to the planes. The amount of inorganic ash 
uon the carbon surface is a function of the inorganic con- 
stituents of the starting material and the inorganic salts used 
to catalyze the carbonization process, or used to cause selective 
adsorption in the final activated carbon. Ths Seleetive adsorp- 
tion may be dus to complex formation, ion-pair formation, precip- 
itation reactions and oxidation-reduction reactions with the 
adsorbate in solution. 

Carbons can be classified by their acid-base adsorption 
characteristics. Carbons activated at temperatures of approxi- 


mately 400°C will adsorb basa and are classifi 
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EN -arbons that are activated at temperatures of 800°C to 
18009C and will adsorb acid are H-carbons. Therefore, H-carbons 
meer produce a basic pH in a neutral solution while L-carbons 


will produce an acidic pH. Electrokinetic studies have determined 
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carbons exhibit a positive zeta potential while L-carbons‏ ادن 
have a negative potential. The negative potential oft L-carbons is‏ 
thought to occur due to the presence of acidic functional groups‏ 
on the carbon surtace such as phenol, n-lactone, and f-lactone.‏ 
Mot? (1953) discovered that hydrogen peroxide iz released‏ 


american from which acid is adsorbad. Bason SN CMT 


ul 

ES 

Sa 

Ul 
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meyery, Garten and Weiss (1365) proposed the existence of 
chromens (benzPpyran) groups on the surface of H-carbons. The acid 
uonwith the chromene group will form a carbonium ion which 
will hydrolyze in water to form a chromanol group, a weakly basic 
group (Snoeyink and Weber, 1967). Thus, the prasence of the 


Mime ne groups on the surface of H-carbon 15 responsible for 


ul 


EE cId-adzorbing characteristics. 

Activation temperatures and oxidizing conditions not only 
Eu the type of functional groups found on the Surface of the 
activated carbon, but also affect the pore volume distribution as 
well as pore surtace araa, two important factors that may deter- 
mine selectivity as well as capacity for adsorption. Hashimoto, 
2230 (1979) used three types of coal to study tha affects of 
activation temperature and oxidizing gas on Pore volume distribu- 
tion, pore surface area, and adsorption performance with a sur- 
factant, dodécy] benzene sulfonate (DBS). Chars were used from 
Maree Sources, Miike coal (MC) from Japan, Victoria coal (VC) 


EN و 52513135 ند‎ and coconut shell (CS), and were activated. The 


d 





reaction temperatures used for MC were 200°C, 850°C, and 9009C. 
The other two, VC and CS, were activated at 850°C. Carbon dioxide 
and steam were the oxidizing gases used in the activation af MC 
while steam alone was used to activate the others. hires. aitter— 
ent particle Sizes were used for MC (@ x 9.2, 14 x 15, and AZ x 


60 Tyler mesh) and one size (14 x 186 mesh) was used for VC and 


O 
du 


ot their experiments showed significant differ-‏ 5][إ[لى د د | د03 


ES Th the pore volume distributions for the difterant 


10 


Peewee ing Gases and starting materials. MC activated by tesme sd 


ul 


a bimodal distribution (high volume of sores at 6-10 A 


(D 


and at 4-6 x 107 A with a constant distribution of intermediate 
Porea si1zss) MC activated by carbon dioxide had little micropores 
volume and a large macropore volume, VL had a gent]y slopinsg 
Meu tion high in micropora volume to 3 low in macropor= 
volume, and CS had a large micropore volume and little macropore 
wo lume . Both VC and CS wara oxidized by steam. The reason 
Proposed for the difference in the pore voluma distribution for 
the MC for CO, and steam was that the activation reaction of CO? 
catalyzed by mineral matter on the surface such as iron or nickel 
would result in the formation of macropores, but could not 
ingcraaszs the volume distribution of the micropores. The differ- 
ences in the pore volume distributions for the other starting 


materials was determined to be dependent upon tha initial pore 


ENNUCtures of the starting materials. The highest micropore 
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Pomme (pores < 100 A) was determined to occur at burnout levels 
eee. Tor MC and VC and at 30% for CS. 

The effects of the differant starting materials and activa- 
conditions on carbon surface area were studied as well. The 
order of surface areas determined was CS > VC} MC( steam) > 
MCCcarbon dioxide), respectively. The maximum Surface area was 
ened at lower burnoff levels generally reaching a maximum at 


30-60% burnotff. The 


OU 


EE EE as the E ton 


Me yr ature increased from $007C to #5 
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moar ins 
the adsorption isotherms for dodecyl benzene sulfwornate (DEBS) an 
20000 vated by steam with different burnout levels, it was 
determined that as the burnout level increased, the adsorption 
Capacity increased to a maximum at some burnout level, then 
decreased. The maximum adsorption capacity was obtained at 30-60% 
SUI NOU. Im studying adsorption columns with the same carbons, 
the breakthrough time increased as the amount of burnoff 
Increased, and would reach a maximum. From the column studies, it 
Ddetermined that the breal:through t1me for MC at 52^ burnoff 
was 6.5 times greater than the breakthrough time for MC at 22% 
burnoff, but the pore surface area for the MC at 32% burnoff was 
only twice as large as the surface area for MC at 22% Burnoaff. 
Therefore, it was determined that the activation did not increase 
the pore surface to such a large extent, but increased the size 


Of the pore radius and thereby, the adsorption capacity of the 


IE 





pores. fine Wort of Hashimoto et al., Clearly indicates that a 
difference in starting materials and activation temperatures can 
Ec ct:he adsorption characteristics of the final activated 
carbon. The differance in activation temperatures affects tha 
size of the pore radius and to a lesser extent, the pore surface 
area. The pora redius is a selectiva factor, since an adsorbate 
cannot be adsorbad to any great extent if it cannot readily 
travel through the carbon pora mouth. Tha pore or cumulative zur 


face ares aftects the number ot adsorption sites available for 


Zr 


Sear e tion. The greater the cumulative surface area, the tore 


[Meera that can be expected to occur f 
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adsorbate and solution. 

Adsorbatesz. The adsorbates used were hydantoin (1), 
EEumethylhvdantoin (II), and S-ethyl-S-methylhydantoin (III). 
In the literature, hydantoin 15 tachnically listed as 
Eyoa-imidazolidiniedione, has the formula Copy 
typically found in anticonvulsants, heat resistant rubber and 
لاا‎ |3119 dry resistant inks, light stabilizers for plastics, 


Smo tobacco smoke. The molecule is a pentagonal heterocycle as 


shown below: 
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R] RE 1 R e M = H 
ES III gd = CHa, Ro = C2H5 
H=-=---N] e3===207 
C2-N3 
O6 H 
Tha '5 represent either Aydrogen atoms or alkyl] groups. The 


molecule is nearly planar; and hydantoin crystals are formed by 
stacking interactions and hydrogen bonds between N(1) and 0(6) 
and between N(3) and O(6). 0(7) does not participate in hydrogen 
bonding (Cassady and Hawkinson, 1981). Zief and Edsall (1937) 
determined that ths ionizing hydrogens arise from the NH groups 
and not from the CH, group. 5,5-Dimethylhydantoin and 5-ethy1-5- 
methylhydantoin are hydantoin analogs with alkyl] groups bonded to 
EC), 

Hydantoins and its alkyl] derivatives are also found in coal 
gasification wastewater using lignite as a starting material. 
Met al.. (1983) using gas chromategaphy/mass spectrometric 


equipment to analyze wastewater from a slagging fixed bed gasi- 
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fier using Indian Head lignite for fuel determined the follawing 


components to be present: 


555 735 | ذا هن - E -dimethylhydantoin Scc Ss‏ 
35-528 با خاب اع دج 5->] 7 مق 7ع 95-7535 9-methylhydantoin‏ 
121١ derivatives‏ 112 == 37 +03 برط | بامودعم- 71-5 ) 125 00 


Sa 01116 لاط | باط‎ 0 3 260 15 was found to be the most dominant 
00| 00315 in the wastewater followed by S-ethyl-S-methylhydan- 
EN ths concentration of hydantains in the condensate watar 

| varwed with different operating temperaturas and types of coal 


used a 


ui 
10 


the starting material. The quantity and class of ketones 
(from which hydantoins are synthesized) in the wastewater varied 


Bes moisture content and a5h-free content of the startin: 


LI 


coal. اا‎ residence time and temperature of the condensate water 


fee tar/oil/water separator or spray washer may affect t 


الك 
m‏ 


amount and rate of synthesis of the hydantoins from the katones 
MON et 21.4 198323). The hydantoin concentration in coal gasifi- 
Cation wastewater iz highly dependent upon the operating condi- 
tions of thea gasifier and subsequent waste treatment processes. 
Hydantoins must be remaved from wastewaters since these polar 
compounds are not solvent-extracted or readily degraded by 

enemi Cal or biological oxidation (Willson,et 31.1993). The 
affects of the release of hydantoins into tha environment are 
wholly unknown at the present time, but these compounds are known 


Carcinogens. 
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rent and Solute interactions. Although surface area, pore 
Ira and surface functional groups on tha carbon particles 
EN NPOrtant in determining adsorption capacity, the solvent and 


ENS characteristics and interactions are also important. Quit 


li 


meen ir aube's Rule is followed (Mattson and Mark, 1971). 


feeawee' S Rule specifies that polar solutes are praferentially 


[ied bY polar adsorbents from non-polar solutions, and non- 


it 


Eua solutes ar preferentially adsorbed by non-polar adsorbents 
Bear solution. The affinity of the adsorbent for the 
Ent used 15 also critical. Should the adsorbent have a high 
ty tor the solvent, mora adsorption energy 1s required for 
the solute to physically displace the solvent molecules from the 
adsorbent surface. An example of whera this relationship is 
eet anmt is the adsorption of dimethyltormamide (DMF) on Aerosil 
silica (Lipatov and Sergeeva, 1974). The affinity between DMF and 
Essi silica is high. The addition of DMF ta a solution of a 
given adzorbate markedly reduces the adsorption of that 
adsorbate. This is probably due to the strong adsorption of polar 
DMF on silica competina with the other adsorbate for adsorption 
sites, Water would also probably compete with adsorbate far 
adsorption sites due to its polarity. Also, should the solvent 
have a high affinity for the solute, the adsorption of the soluta 
from solution would be reduced. A higher Gibb's free energy would 


be required to move the solute from bulk solution to the surface, 
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IT: 


and the higher the free energy. of the reaction, the less th 
Nn will occur. Koral, et al. (1965) studied tne adsorption 
of polyviny! acetate on carbon, and datermined that adsorption 
capacities decreased in order from solutions of methanol, tal- 
uene, benzene, acetona, trichloroethylene, 1,¢-dichloroethane, 
ENS -nlorotorm. eelere salubılıty of polyvinyl 
acetate iz the greatest, no adsorption was observed (Lipatav, 
IE). 


Water as a solvent, may also hvdrate the solute molecul 


m 
ul 


I cthem larger than their actual size. The hydrated malecules 
may be lerge enough to be excluded from the mouth of the carbon 
ERN and thus; water may indirect» act as a sa] 


ctive agent 


mM 
ID 


BE wadsorption. 

The interactions between the individual solute molecules in 
Seton May also affect the adsorptian process. Tamamushi 
Rises) Tound while working with surfactants and polar adsorbents, 
such as alumina, polar groups of surfactant molecules would be 


to adsorption sites on the surface by‏ لت ]د اا 


n 
pr 


le rostati 


iD 


attraction forming orianted monomolecular layers. pmo scar 
layers would then be formed by Van der Waals attractive forces 
between the non-polar chains of surfactant molecules (Tamamushi, 
E Therefore, the adsorption of surfactant from solution was 
increased due to interactions between adsorbed molecules and 


E surfactant molecules in bulk solution. 
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we solution PAH In concert with the solute dissociation 
eenstant determines the solute Species, either ionic or neutral, 
Ell predominantly occur. IER MEN PSST meutra] 
species tend to be more readily adsorbed than polar species. 
Bouton PH may also affect the polarity of the surfaca func- 
tional groups on the carbon surface. A charged carton surface 
caused by the dissociation of surface functional groupe may 


"000 0 | 05515131117 attract or repel th aute In So re Teno which 


ID 
ul 


Ne ther enhance or diminish the adsorption capacity. 
Routinely, the pH used for adsorption in wastewater treatment 15 
Mo? the influent wastewater. Perrich (1981) noted, However, 
that in tha case of organic acids and bases, it may be benefticial 
to adjust the pH for a less soluble, more adsorbable species to 
Bein solution. The reduced carbon dosages required and 
improved economics frequently offset the additional costs of PH 
weet ment in these applications (Perrich, 1981). 

luus Eraturses variations of the solution alter the solubility 
of the solute, increase or decrease the mobility of the solute 
and solvent molecules (decreases theae fluid viscosity assuming 
delta T > 0) and influence the competition between the solute and 


went molecules for adsorption sites. > 555358 


ID 


temperature decrease the amount of adsorption that will occur. 
However, this is not always the casa. On carbon, the adsorption 


Of polymethyl mathacrylate decreases with increasing temperature, 
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Spoor pPolyvinyl chloride increases, while the adsorption of 
polystyrene is practically temperatura independent (Lipatov, 
EU This difference 1s attributed to tha diferences in solute 
solubility that occurs in the interactions Bbatween solute and 
solvent with temperature variations. In adsorption studiez, ternm- 


Sepatures are maintained with a minimum of variation to preclude 


ID 


differences in adsorption capacity due to changes in salut 


i 


EENENESIT1ty w1th tsipe2rature. 


fe mixing speed of the solution also affects the kinetics 


(D 


of the adsorption process. WihemeothteseeMemagsorption, the adsor- 
bent particles will have a boundary layer of solution around tne 
Particle which must be traversed by the solute prior ta adsorp- 
TS process may be and often is rate limiting to the 
process and will increase the time required for physical adsarp- 
mero occur on all available adsorption sites. With adequate 
mixing, the boundary layer around the particles may be suffi” 
Emi reduced in thickness to cause migration across the 
boundary layer not to be rate limitina. 

tes, The configuration and molecular weight of the 


Petre, Siso plays a role in the adsorption process. Hm EAE 2f 


IL 


wP on of smaller molecules is higher than that of larger 
molecules due to differences in diffusivity. In a multi-solute 


adsorption study, the smaller molecules will be adsorbed first to 
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Baus] and combined interactions 


adsorbent may come from a variety of 


5| ّ[ | ١ ذاه زات‎ process temperatures. 


type of surface functional groups, 


R Enna ctv a te cia ah DOT) 


Star te) is 


Either vari 


the carbon, the pore surface area and size dis 


the 


materials activated 


able may af 


te but om), 


fect tl 


Of‏ رت 21 3 عر دكات 55 055 3 i‏ 325 كله 


and 


Surface charge which may affect the adsorption capacity and 


selectivity， ME anar danes 


of temper 


Ed and polarity affect adsorption throush 


Sees)! interactions with the adszorbent and 3 


IE us" in solutes of size and configuration, 


reer iated or neutral species, and 


interactio 


ENS In solution and adsorbed phases alsa 


TT ١5 |1525 adsorbed from solution. 


From tne mu 


ature, pH, 


PE an 


gluta. Th 


IT) 


mixing 
d 


Var = 


molecular weight, 


nz between 


affect the 


moer of var 


Ber, it's not too surprising that a variety or modal 


to describe the adsorption procass, 


describ 


m 


5 one adsorption system may 


meadifferent adsorption system. 


Langmuir and Freundlici! Arsurpl 


eS tE and still popular adsorption 


developed by Freundlich and Langmuir 


Tha Langmuir equation is based upon 


and one ma 


hove Work. a 


rion Eguati 


dea] that accurat 


t all when 


onmes. Tu of 





isotherm e 
(Jain and 


the z5ump 


guat ións Were i n: 


Snoeyink, 


51955 5 91) 


solut 


"n 


amount 


d amm 


ul 


x1 
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applies: 


tha 


1973). 


7zed adsorption, 2) no interaction between adsorbed moleculas, 


no more than one molecule per adsorption site, 


Sqaua! adsorption energies; and 5) no migration of adsorbed mole- 


22 


A SIT 


as have 


rr 


^ 
P" 


n 








EM ntualiy displaced by larger molecules; corresponding to the 


equilibrium state.‏ 01070131132 0 اا 
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Concerning the configuration of solute mole: 
Eun studying the adsorption of organic homologues on 
activated carbon, determined that rigid spherical molecules 
(ż-mathyl-2-propanol or 2-propanol) have less surface area to 
interact with the carbon surface than a flexible rod-like mole- 
Stipes tb—butanol or I-propanol). Also, increased branching tends 
to decrease adsorption capacity. la studying the conversion of 


© 75 0 replacement af a hydrogen by 3 methy] 


(D 


aldehydes to ketone 


ul 


Um Beiltort (1873) determined that adsorptivity increased as 
O || لعا ذا‎ 5 ， 
د + عم و‎ 5 5 50 adsorption 


(g -mole/3) 


acetaldehyde/acetone Zaye? aes 
Propionaldehyde/methyl ethyl 

ketone ae oe = 
butyraldehyde/methy] propyl 

katone IOS Nr 


Increased adsorptivity was also encountered with the 
addition of OCH, and CH, groups to aromatics. 
01 2-1550 the adsorept1ion process 15 affected by many 


Ma es involving the adsorbent, Solute and solvent and their 
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EUUSScon the surface plane of the adsorbent. The equation takes 


the following form for a single adsorbate system: 


A = eH (| + bC) (1) 


and may be linerarlized as follows: 


Y 二 X كيام‎ : 
1/4 EEGEN GE 
where: 
x = the amount of solute adsorbed per unit weight of 


adsorbent, 


As maximum value of X that ES 本 二 mone layer 


m 


coverage of the adsorbent, 


E equilibrium concentration, and 


D D. exp(-E/RT), 


D = constant containing the entropy terms 


E = energy of adsorption, 
RF = universal gas constant, and 
T = absolute temperature, 


The Freundlich isotherm agquation can be presented by 
fms equation (Perrich, 1981): 
X = kcl^n (3) 
where: 
EK and n = constants. 
Taking the logarithm of both sides gives: 


)4( يي | (75 1 TG‏ 6863| > 2 55ل 
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GS | 5-1595 "plot, th1s gives an eguation with a straisht 


ID 


BD a Siope of 1/n and an intercept EK at £ = 1. When values 
EN cand n are determined, the resulting equation can ba used to 
Eedwet X" values within the range of experimental data. The 


Freundlich equsation's basis in theory includes immobile adsorp- 


OO sn exponential distribution of adsorption site anergi 


ID 


Howaver, the Freundlich equation may describe portions of adsors- 


wM Sot herms of organics on activated carbon in dilute aau 


iD 


ul 


au 
SUE Tons. 

Many other adsorption models and equations exist which 
asvthe G1bbs adsorption isotherm, the Brunasr, Emmet, and 
Peer BET) model, the capillary condensation model, the Polanyi 
Escon potential model, the solvophobic adsorptien theory, 
and the net adsorption energy theory. However, no existing 
adsorption theory takes into account the aqueous solvent com- 
peting for adsorption sites or can predict the praferential 
Esc of organics on activated carbon without laboratory 


Seperiments (Millar, 1980). 


study 


0 
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The research involved performing a carbon adsorptian study 





meine e compounds: 1) hydantoin, 2) 5,5-dimethylhydantoin, and 
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Eus» of the amount of solute adsorbed per unit waeiaht of 
Bon under continuous flow conditions and under competition. 
The carbon adsorption column using undiluted coal gasification 
wastewater was utilized to qualitatively determine the effective- 
ness of carbon in removing hydantoins from the wastewater. 


The ultimate purpose of the research was to determin toa 


iT! 


MN. tant activated carbon would adsorb the three hydantoin 
EN studied, and to determine 17 activated carbon adsorption 
Toma, Viable treatment alternative for the coal gasification 


Wastewater. 
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4. Methods and Materials 


ime esperimental work consisted af obtaining calibration 
curves for analysis, single solute batch kinetic testz, and 
5 0 bisolute, and trisolute isotherm and column studies for 
each of the three adsorbates, hydantoin, 5,5-dimethylhvydantoin, 
Emus -sthyl-S-methylhydantoin. Al52, a column study was par- 
formed on undiluted coal gasification wastewater. The materials 
used and each phase of the experimental work will be considered 
separately. 

Adsorbent. The adsorbent used for all experiments was Calgon 
Filtrasorb 400, a bituminous based activated carbon (Calgon 
|EDDPp.). The physical properties of Filtraztorb 400 are reproduced 
Ios sello (1981) and are set forth in Table 2: 


Table Z. Fhysical Properties of Filtrasorb 400 


Total surface area (N.BET method), m^/3 1999-1 2 0 
Bulk density, lb/ft? 25 
momeere 12 density, wetted in water, g/cc 1. 2-124 
Ere volume, cc/g 0.94 


The pore size distribution reproduced from Fossello (1981) 
Shown in Figure 1. OT ER OSG cE SG Pora volume 0.54 is made 


up of micropores (<100 A.). Tha remaining 0.40 cc/g is made up of 


macropores. 
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EEC 1 — 23 me tb |lhydantoin. 115ل‎ wcar bom adsarption study 
consisted of the following: 

a) calibration curves for each adsorbate, 

b) single solute batch kinetic studies, 

c) single solute isetherm studies, 

EE Solute and trisolute isotherm points, 


e) single solute column studies, and 


E 


So lute and trisoTlut olumn studies. 


ID 
Fl 


Peat tiagn; a column study using undiluted coal 52353 73 


It 


tion wastewater containing pradominantly hydantaàain camrounds was 
performed. 


The calibration curves wer performed to enable the deter- 


im 


muon of solute concentration of any single solute Sample 
sing a UV-visible <pectrophotometaer. The singla solutae batch 
kinetic studies were utilized to determine the elapsed time 
NEUNred for solution equilibrium to occur in a solute-carbon 
adsorption system. The bisslute and trisolute isothern points 
determined the adsorption performances of activated carbon for 
the three solutes during salute competition. The single solute 
column studies determined thea amount of solute adsorbed per unit 
weight of carbon adsorbent under continuous flow conditions, and 
Provided insight into the rélative rates of adsorption of tha 


three solutes. TiS نا‎ | 5 |١115 3135 1] | 53 ]اا‎ 8 calumns allowed deter- 
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Figure 1. Pore Size Distribution of Bituminous Base, 
Filtrasorb 400 Activated Carbon 
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The carbon used ın the experimental work was mechanically 
Mato obtain a size distribuion of U.S. standard sieve 60 
ia hed to remove fines; and dried at 103°C for 3 days ta 
remove moisture. The carbon was binen stored in a covered acid 


poasd bottle prior to us 


Tı 


Adsorbate. The adsorbates used were hydantoin, 3,5-dimethyl- 
Bonn, and s-ethyl-S-methylhydantotn. The hydantoin and 5,5- 
mech yihydantoin were products of Aldrich Chemical Co. The 
Seecmyl-s-methylhydantoin was provided by Or. W.H. Cross. 

The characteriztics of the adsorbates are given in Table 2: 

ot Adsorbates‏ :3 5] 305 م[ 


hydantoın 


melting point 2209C 
molecular wt. Fugen 
pka 9.12 


5;5-dimethy lhydantoin 


melting point 1789C 
molecular wt. zc 2 
pKa 520 


S-ethy1-5-methylhydantoin 


melting point lee su 
molecular wt. 142.17 
pka S20 
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Calibration Curves. Standards were prepared by measuring 
quantit 123 of solid adsorbate directly into weighed Sl ml or 100 
ml volumetric flasks. A Mettler annalytical balance (Mettler 
Instrument Co., Model H342) was used for all weight measurements. 
After weighing, the solid adsorbate was dissolved in distilled, 
deionized water to obtain a solution of known concentration. 
SOS were Prepared in concentrations ranaing from 200 ma/1 


NUS mg/1 for each adsorbate. 


ul 


A Beckman Model 26 UV-visible zpectrophotameter (Eeckman 
Instruments Inc., Irvine, Ca.) was used for asbsaorption measures- 
ments. A scan of absorbance vs. wavelength was made for aach 
adsorbate. Radan oin and 5-ethvi-5-methyihydantoin each had a 
maximum absorbance at a wavelength of 1833 nm. 3,9-Dimethyilhydan- 


ES a maximum absorbanca at 198 nm.. Abzorbance responses 


Ul 
well e 
3 
cr 
E 
ni 


were measured for each standard three times with response 
END + or -0.005 absorbance units (* or - 1-2%). The response 
Huswas plotted as absorbance vs. concentration (mag/1) to obtain 
calibration curves. The calibration curves are shown in Figures 
2,3, and 4.Thereafter, solutions to be measured using the spec- 
trophotometer were diluted,when required, for the absorbanca 
response to fall within the linear portion of the calibration 
curve. Generally, the calibration curve began to be non-linear at 


E Sentrations greater than S0 mg/]. 
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Figure 2. Calibration Curve for Hydantoin ` 
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Figure 3. Calibration Curve for 5,5-Dimethylhydantoin 
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Figure 4. Calibration Curve for 5-Ethyl-5-methylhydantoin 





= 





raten Kinetic fests. Batch kinetic tact performed to 
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Marine the required time for the adsorbate to reach an eauil- 
ME. concentration with the activated carbon. A 4-liter beaker 


used as a reaction vessel. Adsorbate was added to the yv 1; 


ne 
m 


4 liters of deionized water added, and mixed for ] hour to aliow 
all adsorbate to dissolve and for tha solution temperature to 
equilbriate to room temperature. The stirrer uted wat a Fisher 
Ia tor y stirrer (Fisher Scientific Co.) with a three-bladed 
Nalgene stir rod. The impaller speed was approximately SOU rem as 
measured by a Cole Parmer Photatach (Cole Parmer Digital 

Mao t=ach) Model 1291-M, Chicago, I11.). Once the adsorbate was 
dissolved, an initial 3 ml sample was removed, diluted, and 


analyzed photometrically. 1115م‎ 3] 111 31 5 5 Value was used a 


Ul 


d 
一 


menita] concentration. Three (3) grams of carbon were add 


ID 


WO the vessel and 10 ml samples were taken at intervals of 5, 15, 


Bar D 180 minutes, 5 hours, 24 hours, 30 hours, 48 hi 


Ur Sy 
and 120 hours. Before sampling, the mixing was stopped and carbon 
Particles were allowed to settle.. The sample was then placed in 
a centrifuge tube, centrifuged at approximately 3000 rpm for 1 
minute to remove interferences from any res1dual carbon fines. An 
aliquot of the supernatant was removed by pipette, and any 
additional solution remaining in the centrifuge tube was returned 


bo the reactor vessel. The samples were analyzed to determine the 
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Neo mcentration. the results of the batch kinetic tests were 
reed Dy concentration (mg/l) vs. time (hours). 
15 0 ] د ةا‎ 2 55 . Pone إن‎ are Used te calculate tha amount of 


BEINN per unit weight of adsorbant for various equilibrium 
Me ntrations. From this data, the amount of carbon required to 
Ia given 23u111br1um concentration in the solution can be 


determined. a herms 5 5 aenerall oe riarmed With a serie 


ul 
E 


Bes with varying solute concentrations with fixed amounts of 
DN or varying amounts of activated carbon with a fixad con- 
0 ation of solute. The bottles are placed in a shaker and 
ea to come to equilibrium, and the final concentration of 
solute is then measured. 


Mire single solute 1sotherms were performed by preparing a 


n 


NMG stock solution of tha adsorbate. lime watch reactors 


wera Poem! square glass bottles with screw caps. All glassware 
EE -leanegdg with a 10% nitric acid solution and rinsed with 


distillead water. Aliquots Of tha stocl: solution wara dilutad to 


IT 


Nm! concentrations of 300, 280, 260, 240, 200, 190, 120, 160, 
eee 120, 100, 90, 80, 70, 68, and 30 mg/l. For greater dilu- 
tions, a 40 mg/L stock solution was Prepared and diluted to give 
Bons Containing 40, 20, 10, 3; and 2 mg/L. Tha initial con- 
centration of adsorbate in solution was measured spectrophato- 


metrically. The amount eof solution used in sampPling was recorded 


(D 


M accounted for in all calculations. 
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Breer the initial concentration had been measured , 125 ma 
cf carbon was added to each bottle. The bottles were tightly 
capped and then, placed on a shaker table (New Brunswick 
Scientific Company, Model Sy ser S61114, New Brunswick, NJ). The 
shaker rotated at approximately S500 rpm as measured by a 
phototach. The bottles were placed in a wooden box attached ta 


EN esr tabie at an angle of 15" with respect to horizontal to 


00 de additional mixing action. Mixing time used was ¿2 hour 


"n 


EN cure that solution equilibrium had been attained. To ensure 


eguilibrium, sample bottles were shaken an dditional three days 


HI 


Dno change in solute neentrat yon. After 24 hours, the 


L. 
ri 
CH 
10 


equilibrium concentration of solute was determined. The 
calibration was checked at the beginning, midpoint; and end of 
each series of tests. Absorbance readings were accurate to + or - 
0.0805 absorbance units. The difference between the initial 
BEunecentration and the final concentration of solution repre- 
sented the amount of salute adsorbed. Enowing the amount of 
carbon added to the bottle and the volume of the solution, the 
amount of adsorbate per unit weight of carbon (X/m) could be 
determined where X is the amount of adsorbate adsorbed and ù is 
the weight of carbon used. The results were plotted on a 109-103 
Pilot of X/m as ordinate and equilibrium concentration, L 


EZ 1553 ， 
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w erent approach Was Used for the bisolute and trisolute 
isotherms. Min - 511-51 raton of the multisolute izo- 


therms could not be determined by the spectrophotometer, sine 


m) 


the wavelengths at which the adsorbate concentrations were 


(D 
cr 


maasuread, 193 nm and 193 nm, wer 


i 
n 


Ji lose to pravant absorbance 


May Terence between the varigaus solut 


ID 
Wi 


In these cas 


m 


$3 a 


Selman Total Organic Carbon (TOC?} Analyzer (Model 915, Beckman 


E 


ments, Inc., Fullarton, Ca.) to measure total orsani1c 
MASON and 3 Ferkins-Elmer Sigma I gas chromatograph (GC) (The 
Ni Elmer Corp., Norwalk, Conn.) using a FE Sigma 19 Data 


System was used to measure 2/3-dimethylhydantoin and S-sthyl-s- 


methyihydantoin. Ihe di tereent 


m 


Powe fete Va Wes Tar TUS and 


the GC value 


ul 


for o9$,9-dimethyvyihvdantoin and 5-ethyl-S-methyl1- 


01310501 would vield the concentration of hvdantoin praesent. Th: 


ELE ur omatograph was operated isothermal at 225°C using nitrogen 
as a carrier gas with a flow rate of 20 ml/min. Ename 1252712553 
Was used. The GC column used was Er مم‎ 1/4" 0D, 2 mm ID, packed 


EEUU  "AT-I900 an 100/120 mesh Chromosorb W-HP (Alltech Asso 


wi 


e 4 


Meertriceid, Il.) Eater: samples wer d 


iu 
E 
Ul 
im 


tor the TOC analytis by means of an automatic syringe. The sample 
volume used for the gas chromatographic analysis was one (1) 
Ecroliter.. The minimum error that can be expected By using gas 


Sapeeimactographic analysis is + or - 10% (Cross, 1984). 
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Due to the m 


m 


thods required for analysis of the bisolute and 


Beute isotherm points, 100 ml of stock solution was poured 
Beach of two bottles, one used for the control and one bottle 
meee tror the isotherm point. Thess luc ton Was tage up of a mix- 


EMT equal quantities of hydantoin and 5;5-dimethyihydantoin; 


Mon and S-sthy1-5-methyIhyvdanta1in, or 3:3-dimethylhydantoin 


n 


and 5-ethyl-S-maethylhydantoin. Tha trisolute mixture was a mix- 
ture of equal quantities of each of the three compounds. For the 


Aso lute mixturesy 125 m of carbon was added to the isotherm 


LO 


Point, no carbon wat added to the control, and both bottles were 
shaken for 24 hours. After equilibrium was reached, the salute 
concentrations ware determined. Individual X/m values for each 
me Were calculated. For the trisolute mixture, the same 
experimental procedure was followed with the exception of the 
amount of carbon added to the isotherm bottle. Forte Crise lute 


MS y 250 mg of carbon was added to ensure that measur ab | 


iD 


SS O rption of each solute would occur. 


Adsorption Columns., Adsorption column studie were used to 


ul 


evaluate the activated carbon under continuous flow conditions 
which more closely approximate the field applications. Erie 
Single, bisolute, and trisoluta columns, pyrex glass columns 1 
inches long and 7/16" inside diameter with 1" and fittings were 
used.Tha columns were used in a downflow mode. A 5 gallon carbov 


rated above the column served as a Solute reservoir. The 
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EN low was controlled using 3 125 mi/minute capacity FMI 


pump (Fiuid Metering Inc., Model RPG 150, Oyster Bay, 


Dios 


6/3" Tygon tubing connected the solute reservoir, laboratory 


nos column, and drained to a lab sink. The column wa 


m 
- 
ui 


Miling with washed Ottawa sand of 20 x 30 mash size at 


packed bv 


the top 


En column until the column was filled te approximataly 4 


ers into the 7/16" diameter portion. Then, 3,25 
MIE carbon were added to the colunn.. The averaze 
Ma rbon column was 8.25 cm. Then, the remainder of 


Was packed with clean Ottawa sand. All operations wer 
een a submerged fashion so as not to entrain an» ai 
iteeOttaws sand portion used as packing was at least 1 


Ban each side of the carbon column to ensure that 


L 


= 


= 


grams of 
lenath of 
the column 


Siem con 5 


nett for ai 


meee front Passed through the carbon column. DS qa eee 


Ber at pH 5.5 was pumped through the column until the 


PH of the 


effluent remained constant and the absorbance of the effluent az 


Measured by the spectrophotometer was within + or = 0.005 absor- 


suce Units of zero. A 3 gallon reservoir of the single, bisal- 


EMT trisolute solution with pH adjusted to 5.6 (with 0.153 N 


NaOH) was connected to the column. The flow rate used 


mee min which equates to approximately 20.3 ml/cm 


The average flow rate used in commercial applications 


was 20 


(5 gpm/ft2), 


is fron 


2.1-40.6 ml/cm2 (2-10 gpm/ft2). A sample from the reservoir was 


mary zed for the initial concentration both at the beginning and 
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Ao the column run. The solute solution was then passed 
through the carbon column with samples taken at 13 minute inter- 
vals. Typically, tamples were continually taken until 1.5 to تخ‎ 
fers after total exhaustion of the carbon had occurred. Total 
carbon exhaustion was determined when column effluent samples had 
the same solute concentration as the column influent. 

The single solute solutions were prepared at a concentration 
Eg omg/L of each adsorbate. Tne Dicolute zoluüution containad 30 
EE both hydantoin/5,5-dimethylhydantoin, hydantoin/3-ethv1- 
Seecmyihnydantoin, or »5,5-dimethyIhydantoin/S-sthyl1-3-methyl- 
on The trisolute solution contained SU mg/l of each 
solute. The single solute samplez were analyzed zspectrophoto- 
metrically, while tha bisolute and trisoluta samples were 
analyzed utilizing TOC and gas chromatography. 

The coal gasification wastewater adsorption column was a 
naht |" x 12" pyrex glass column packed with 20 x 30 Ottawa 
Ed and 30 g of 60 x 80 activated carbon. The flow rate utilized 
was 100 ml/min which equates to 5 gpm/fté. Samples were taken at 
9j minute intervals and were taken continuously after carbon 
exhaustion had occurred. Two different chromatograph columns were 
Ma AT=1000 for alkyl hydantoins and SP-1000 for phenol and 
Aso ls. The phenol-cresol! GC column waz a $' x 1/4" OD (2 mm ID) 
glass column packed with 0.1% SP-1500 on 80/100 mesh CarbopakC 


(Supela, Bellefonte, Fa.). The GC program was isothermal at 
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135°C, Nitrogen was used as the carrier gas with a flow rate of 


PAN min, and a FID detector was used. Ona microliter 5 م 3 ة‎ [1 5 5 


m 


GT UES for GC analysis while 25 microliter samples wer used 


for the TOC analysis. 558237 71-5 SSIS concentrations wer 


iu 


BEEEmned by comparison with internal standards. 


pH Control. No phosphate buffer system was used to control 


I 


Seem this experiment. The pka of the salut etween 9.1 and 


ID 
ul 


are 
EN 0u-anuing that at that pH, half of the solute is in tha ionic 
sand half is In the neutral form. At neutral BH and belam, 


MS Yi 15 essentially cationic 1n nature. Most experiments 


it! 


with single solutes, bisolutes and trisolutes were conducted at 
Paar agmiticantiy less than 7.0, so that the ionic character of 
the system remained essentially constant. However, to evaluate 
hie etfect of PH on adsorption, several isotherm data points at 
PH 4, 7, and S98 were obtained for the extreme limits, high and 
low, and midpoint of the single solute isotherm studies. The pH 
of the solution during the isotherm tests was maintained at the 


meres) Gt 4, 7, or 9 by use of 0.05 N NaQH and 0.05 N and 0.15 N 


HLL as appropriate. For pH adjustment, care was taken to use 0.25 
ml or less of NaOH or HCL to ensure volume errors would be 
minimal. For the first three hours, pH was checked hourly and 
adjusted as necessary. Results af the experiment demonstrated 
that at pH 4 and 7, the X/m values remained constant with little 
pono change from the original isotherm points. At pt 9, the X/m 
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values obtained were 
isotherm curve. The 


single solute column 


ED UUUth no pH control, consistently had an effluent pH of 35. 


meor dear to maintain 


EE 2 adiusted to match that of the first two studies. The 


ASA ene y MUCA lower than the original 


PH Or 393.6 w33 u d because two‏ 31 1لا ] اذخ 


ul 
(D 


es y danta ia and oyo-adimethy lhydan- 


5 . 


the Chl constant for ali celumn studies, tne 


muEOrtant consideration is to maintain the pH value af thea solu- 


Pron substantially below the pKa value of the solute to ensure 


Euthe ionic character of the solute remained constant, In thi 
Case, the salute was essentially in the form of the cationic 
species. 

In tha column study with the coal gasification wastewater, 
the wastewater was used without pH adjustment. Tha pH of ths 


MesteWater was measured at S.76. 


meme ties tests are shown in Figures 5, 5, and 7. near] 


conditions are shown 


in Table 4, 
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The results of the single solute batch 
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Figure 5. Batch Kinetic Curve for Hydantoin 
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Figure 6. Batch Kinetic Curve for 5,5-Dimethylhydantoin 
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Figure 7. Batch Kinetic Curve for 5-Ethyl-5-methylhydantoin 
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fable 4. Initial Conditions 


hydantoin 


temperature 


adsorbate volume 


PH 


ERES d3methylhydantoin 
temperature 
e 
0 
Carbon 
stirrer speed 


adsorbate volume 


PH 


S=-erhyl-S-methy lhydantoin 


temperature 


G 


carbon 


adsorbate volume 


pH 


netic 15251 5‏ 200 دم 


249 C 
450 mare 


~] 


ام 


3 
sl 


u 


2800 rpm 


pa 
Es 

I 
C1 


ue ccs 
Bern GIL 


800 rpm 


250 E 


äi =t 


SOR may 


nee seo 


LO 


UUÛ Ton 





fines batch Kinetic study for hydantoin showed a E Value af 


G l which decreased to 395 mg/l, the equilibrium concentra- 


iD 


moma im a 1.5 hour time span. 11 15321 ES. OF the adsorption by 
Mia Et 1ivated carbon occurred in the first 20 minutes of thea 
experiment. The same basic sequence occurred for the other two 


ner The batch kinetic tests far 5,5-dimethy lhydantoin wich a 


ul 


Ca Er: mg/l reach equilibrium concentration after 3 hours, a 
Ec 3-sthy]1-95-methylhydantoin with the same initial concen- 
Nun: Most of the adsorption of both solutes alto occurred in 
the first 20 minutes of the test. 

From the batch Kinetic test results, the adsorption of the 
hydantoins were very rapid. Equilibrium was definitely reached 
after 3 hours for each compound, and therefore, three hours would 
be the minimum elapsed time required to ensure that equilibrium 
concentration 15 reached. The temperature at which the tests were 
performed was 24-25%C, 

Isotherm Tests. The results of the isotherm tests area shown 


ELI: 6, 9, and 10.The initial conditions are shown in Table 


a. 


15113١ 608356331585955 52 lsatherm Tests.‏ .د د | ادل 
Single solute‏ 


temperature 23° C 
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E l 


o various 
carbon je mg E 
shaker speed 300 rpm 
adsorbate valume qom 
FH IPP E 

Bisolute 
temperature EE 
C o 205251 5 
carbon iz ees E 
zhaker speed SMU TEM 
adsorbate volume 100 mi 
PH appro 3.2 

[ , 155 | أ نا‎ 
temperature اه‎ 
5 Summa each 
carbon zu 9 qo E 
shaker speed 300 rpm 
adsorbate volume 100 m] 
pH SPIT S. 


The 1sotherms for hydantoin and 5,5-dimethvlhydantoin were 


very similar with the only difference being a slight increase in 
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Figure 85 Adsorption Isotherm for Hydantoin 
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Figure 9. Adsorption for 5,5-Dimethylhydantoin 
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Figure 10. Adsorption Isotherm for »-Ethyl-5-methylhydantoin 


E 





curvature for the S,S-dimethylhydantoin isotherm over the hydan- 
Math equilibrium concentrations in excess of 10 mg/l. The 
X/m values for a given equilibrium concentration were also very 
means ihe isotherm for S-ethy]-S-methylhydantoin was much 
different from the other two solutes. Overall, there was a higher 
x/m Value for any given equilibrium concentration indicating an 
adsorption preference for S-ethyl-5-methylhydantoin over the 
other single solutes. In examining all thrae Curves as a whole, 
there appears to be a systematic transition in curvature in 
Memeentrations in excess of 10 ma/l1 from hydantoin to S3-sathy1-5- 


metmy ihnydantoin. Rosa es Gt the 5131 53 | ىا‎ + and 


iU 


Prrsoliute isotherm points. EIERE SECHS NRCS /m 3ang 


ul 


equilibrium concentration found for a given solute in competition 
che labelled solute. For instance; in Figure و8‎ which is the 
isotherm for hydantoin, the point labelled 5,5 O represents the 
X/m value found for hydantoin in the bisolute hydantoin/- 
ES-umethylhydantoin isotherm point. The point labelled trisol- 
ute represents the X/m value for hydantoin in the trisoluta iso- 


Mier point. As can be expected, competition tends to reduce the 


m 


amount of adsorbate adsorbed for a given equilibrium concentra- 
tion. The relative affinity for the various solutes is alzo 
indicated by the fact that lesz hydantoin was adsorbed when in 
competition with S-ethyl-s-methylhydantoin than when in competi- 


mom with S,3-dimethy |lAydantoin. When in competition with two 
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different solutes, the amount adsorbed 15 even less. Since there 
are only a finite number of adsorption sites available; is was 


reasonable to assume that the increas 


ID 


d campetition between 


2 |1١55 in the trisolute isotharm point caused less of tha indiv- 
MN o lútes to be adsorbed than would be the case for the 


singla or bisolute isotherm point. 

Pieecamparing each of the bisolute isotherm points, it 
Spears that the relative affinity of activated carbon if in the 
EL chvdantoin X 5,5-dimethvylhydanto1in 4 S-ethy1l-3-methyi- 


I dantoin. 


lNecurvature found in the adsorption isotherms represzents a 
Mature from the strict Fraundlich equation at equilibrium 
concentrations over approximately 10 mg/l. Therefore, some of 
the assumptions on which the Freundlich equation are based are 


invalid for tha case in hand. Such assumptions were: 1) exponen- 
tial distribution of adsorption energies, 2) ona adsorbate mole- 
Ele oer adsorption site, 3) no surface transmigration of solute 
molecules, and 4) monolayer adsorption. The three assumptions iav 
or may not be valid, but it is probable that monolayer adsorption 


was still occurring at the highest equilibrium concentration 


H Tests. Mie == orte MOS 331 1115+ and lew isatherm 


Soimmts with PH adjusted to values of 4; 7, and 9 are shown in 
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Figure 11. pH Test for Hydantoin 
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eames | و2‎ and 13. Poeem 5١ 21351 1685 + مع‎ each otf the 


three solutes are shown in Table 6. 


Mao te ceba cda Conditions = PA Tests 


temperatura 285 © 
C 20 nese 
carbon EES OIL 
shaker speed 900 rpm 
adsorbate volume OO TI 
pH 4,7,3 


The isotherm points with pH adjusted to 4 and Y provided 
equal X/m values for al] three solutes at the medium and high 
concentration paints. The variation in X/m values at the low iso- 
therm point were small and probably dua to experimental error. 
Of consequence were the X/m values of the isotherm points with 
the pH adjusted to Y. These points have X/m values Significantly 
lower than the single solute curve and the X/m values at PH 4 and 
7. Therefore, less solute is adsorbed at pH 3 than at a pH of 4 
Er 7. 

Bann Studies. The initial conditions for the column 


Studies are shown in Table 7. 
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Figure 12. pH Test for 5,5-Dimethylhydantoin 
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Figure 13. pH Test for 5-Ethyl-5-methylhydantoin 
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SC GENEE Ee ett éiert pre e Column Studies 


7355225 


temperatura BI ze 
influent concentration JIS MIL 
flow rate 20 ml/min 
carbon EE 

PH | 5.6 


eos aimethylihydantoin 


temperature 229 € 
ón: Concentration 43 mg/l 
flow rate 20 ml/min 
carbon 7ك‎ 3 

PH 3.6 


35 ل زط ا باط عم - 5 - زا رطع م 5 


temperatura 28% 6 
influent concentration gigs mar 
flow rate NEP m 
carbon Sr Leg 

PH oS 
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Exile 7 (cont.) 


n mto:n79,9-dimethvihydantoain 


temperature 


influent 


flow rate 
carbon 


PH 


hydantoin 


5 , 5-35 5715 


258 3 لطا نط عو ٠-5‏ |ا بط مد ةرمض | 05 ]د ا 0 


temperature 


511 puwent 


flow rate 


earbon 


pH 


hydantoin 


I etn tao ne tiny lnycdamt oO 1h 


S;I-dimethylhydantoin/S-ethyl-S-methylhydant 


temperature 


influent 


flow rate 
carbon 


pH 


5 , 52357552 57 eant ooTn 


S9S-ethv1-5-methylhvydantoin 
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Viele nie ig ISI MIL 
20 n 
ee 


ou 


29 C 


PU 
ca 


See. Oana E 
30 mg/L 

eU mimin 
ER oS 


Js 


o1n 

ILE 
49.29 
34 mg/L 
20 ml/min 
cao g 


SR 


em 








fable 7 (cont.) 

meso lute 
temperatura 
influent hydantoin 


uus mes amtgog tn 


2-ethy 1-23-methy Ihydantoin 


flow rate 
carbon 
pH 


ala | Gasification wastewater 
temperature 


+5173 ا | 1117 


279 5 
due wm L 


39 ma/L 


Li 


= 
= 


CA 


may 
EU 51715 


ea 


Sg 


RE 


DO MD 


unas toa 


flow rate 10 mun 
Carbon SUG o 
PH 2.76 
The results of the single solute column studies are depicted 
Nc res 14, 15, and 15. To erovide 2 meanina?ful bass for 


Comparison 


NSS a calculation of the X/m values (amount 


adsorbed per unit weight of carbon) reveals the 


60 


ot the relative adsorption preferences 


of the three 


of solute 


following: 
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Figure 14. Breakthrough Curve for Hydantoin 
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Figure 15. Breakthrough Curve for 5,5-Dimethylhydantoin 
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Figure 16. Breakthrough Curve for 5-Etnyl-5-metlhyliydantoin 
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Table 3, Sing! solute Column X/i Values 


IT: 


hydantoin qma 
es dimethylihydantoin 中 后 ee 
uEchvi-5-methylhydantoin Sl. 8 mess 


EM m value for hydantoin is slightly higher than 


expected. However, if the X/m value of 41.3 mevq with a eo, 55 
EU ٠ |- Plotted on the single solute 13sotherm for hydantoın 
Bes), it will be seen to be within experimental error. The 


2٠000 00 5 |] Tor the other two solutes plot directly on the single 
SNE curves (Figures 9 and 10). From the sinale salute column 
Bes, it 15 readily apparent that S-ethyl-S-methy lhydantoin is 
iore strongly adsorbed than tha other two adsorbents. 

More vivid evidence for the various affinities of the carbon 
for thes diffsrent solutes was provided by the bisolute and tri- 
solute breakthrough curves which are shown in Figures 17, 18; 19; 
and ZO0.The calculated X/m values for the bisolute and trisslute 


breakthrough curves are shown in Table 9. 


mates. Sise lute and Trisaliute Column X/m Values 
0035 651-5185 5 , 5-3 1 باط غ مم‎ | 5 +! 8 3 5 65 
Aydantoin ZU B. mag 


9339-dimsethylhvdantoin S5.00 may 4 
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ee 9 (cont.) 
ydantoin/5-ethy1-5-methvihvdantain 
hydantoin Lo Oana g 


3-ethyl1-3i-methylhydantoin SUM Mg G 


EE cuugsmethyihydantoin/5-ethy1-5-methylIhydantoin 


5 5 - 3 1185 51 1 513 3 565 ee Eng 

Soe y |-sa-methy |lhydantoin Js mg d 
Emsolute 

hydantoin iw. ma / 2 

dyo-dimethylhydantoin Iz ee 

Sony | -o-methy Ihyda neon 23.071873 


Although from Figura 17 it appeared that the affinity of the 
carbon for hydantoin and 5,5-dimethylhydantoin was equal, the X/m 
values for the hydantoin/3,3-dimethylhydantoin in Table 9 showed 
oT ThE Carbon had a higher capacity for 3,3-dimethy lhydantoin 
over hydantoin. The bisolute curva hvdantoin/5-ethyl-5-methyl1- 
iaa ton (Figure 18) showed a stronger adsorption of 5-ethyl-5- 
methylhydantoin by the fact that hydantoin was displaced from the 
activated carbon during the column test. This was demonstrated By 
the effluent concentration of the hydantoin bacomina greater than 


the influent concentration. IRIS aS EAU by all hvdantoin in 
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Figure 17. Bisolute Breakthrough for Hydantoin/5,5-Dimethylhydantoin 
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Figure 18. Bisolute Breakthrough Curve for Hydantoin/5-Ethyl-5-methylhydantoin 
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Figure 19. Bisolute Breakthrough Curves for 5,5-Dimethylhydantoin/ 
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Mem uent passing through the column unadsorbed, and addi- 
mga nydantocin was added to the effluent due to displacement 
from the carbon through competition with the more strongly 
adsorbed s-ethyl-S-methylhydantoin. A comparison of the X/m 
values in Table 9 also showed that S-sethyl-S-methylhydantoin was 


more strongly adsorbed than Aydantoin. Tha bisolute curve 


EK 


0000 07 |) انا ات‎ lhydantoin/S-ethyl-S-methylhydantoin again showed a 
displacement of the more weakly adsorbed solute, 3,S35-dimethyl- 
hwdantoin, by the more strongly adsorbed S-eathyl-S-methylhydan- 
toin. The X/m values in Table 9 verify that the carbon has a 
zs adsorption capacity for the S-ethyl-S-methylhydantoin aver 
un 5-dimethylhydantoin. 

A double displacement effect ocurred in the trisolute braak- 
ذا‎ 1191١1 Curve, The most stronaly adsorbead 3-ethy1-S-methylhydan- 
AS placed both hydantoin and 3,S-dimethylhydantain from the 
carbon as can be seen in Figure 20, From Table 9, the X/m values 
for hydantoin and S,3-dimethylhydantoin were equal while tha 
Seven exhidited a much higher adsorption capacity for the 
any 123-methylhydantoln. 

Overall, a review of theresults in Table 9 show an 
Seer ption preference of S-ethyl-S-methylhydantoin > 
ps dmethylihydantoin > hydantoın. 

The Breakthrough curves for the actual coal gasification 


wastewater is shown in Figure 21. Immediately following is the 
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Na cush curve for total organic carbon for the wastewater 


Me ete). [he amount oft carbon used in the column was 30 gram 


ul 


Eua t4tioy rate of 100 ml/min. From Figure 21, the least 
201 3|] 3053 5626 3,39-dimethylhydantoin Broke through first bet- 


ta} 


Ti 


en 10 and 15 minutes from the start of the test followed by 
Serben me E bw Ubu dantoin breal ing through between 15 and 20 min- 
utes. 313-DimethyIlhvdantoin reached carbon exhaustion at 1977 
Ma thin 10 minutes of initiating breakthrough. S-Ethy1-5- 
methylhydantoin reached influent concentration after 335 minutes. 
Edid not appear until 35 minutes from the test start and 
slowly reached exhaustion at 165 minutes. A slight displacement 
Beate occurred with S3,S3-dimethythydantoin being displaced by 
mus»-ethyl-5-methylhydantoin. Also, slight displacement of the 
-ethy1l=-5-meathy1lhydantoin by the phenol occurred. 

The X/m values for each of the solutes measured in the coal 


Gasification wastewater are shown in Table 10. 


Table 10. Coal Gasification Wastewater X/m Values 


5,9-dimethyihydantoin Eug amne c 
Sache = 5-metnhyikydantein 41.9 mg/g 
phenol 64.5 malS 


At face value, it appears that 5,5-dimethylhydantoin was 


more strongly adsorbed than phenol in the coal gasification 


¡AL 





c 2000 


Be 
D 
O 


GEORGIA TECH 


B 5,5 Dimethylhydantoin | - 


v 5 Ethyl5methylhydantoin 


十 Phenol 


~ The MI ١ 
y E na "Pis 9 " n» B 
" 
a 
NE V uL. D n 
Ze 
v 

1207 ala LE ci 
0 40 80 20 160 


Time, min 


Figure 21. Breakthrough Curves for Coal Gasification wastewater 
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Figure 21. TOC Breakthrough Curve for Coal Gasification’ Wastewater 
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Wastewater due to its higher Z/m values in Table 10. However, tha 
mone m values is dus to the concentration of the 
EL u5Wethylhydantoin being two orders of magnitude higher than 
A eno] concentration. A more definitive determination of 
ads5orpt1ion preferences can be obtained from the coal gasification 
Wastewater breakthrouah curves where phenol was the last Compound 
to show in the column affluent, and where phenol displaced both 
EL methylnydantoin and 5-ethyl-5-methyihydantoın from tie 
Ca Oon: Phenol was apparantly the most strangly adsorbed 
EDUnd ， 

000 2ن‎ ISON ot the X/m values found in Table 10 with thea 
Peas solute isotherm curves for 5,5-Jimethyihydantoin and 
0000 |) 7 | me E bw ibwdantoin (Figures 9 and 1037 reveals that thea X/m 
Mee round in the column study for coal gasification wastewater 
Were Significantly lower than the expected X/m values for the 
Pura single solute system given equivalent solute concentrations. 
A comparıson follows in Table 11]. 
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NEEN anzat X/m Values for Coal Gasification 


Wastewater and Pure Solutes 


soe amet hyinydantoin 


concantrat 10n [9 77 3 
مانام‎ 5 7 in 143 32 
wastewater KIT 355 28م‎ 


Sc et0oy1I-5-metnyiIhydantosin 


eomeentratıon 2565 ma/L 
pure X/m is uc mung 
wastewater X/m 41.8 mg/a 


Evdantaoain could not be shown since the gas chromatographic 
mus used could only retain 5,5-dimethylihydantoin, SJ-ethy]-5- 
methylhydantoin, phenol and cresols. Other compounds existed in 
tha wastewater to provide an interference in using tha TOC 
Beer ta provide an indirect reading of the hvdantoin concen- 
Wallon.  iherefore, hydantoin concentration could not be 
determined. 

Mie TOG breakthrough curve is interesting since it shows 
that the wastewater contains some substances that are apparently 
Mu rcadiiy adsorbed on activated carbon. This is shown by noting 


that some TOC broke through the carbon column immediately fram 


15 





Mart ot the test. It is assumed that the compounds that were 


mu 50ط 5-0 د‎ were large molecules that could not physically fit 


insida the carbon pore. 


6. Summary and Conclusions 


Seer Batch kinetic ta 


ul 


55 are singlet solutes demonstrated that 
ELM unetics of adsorption for hydantoin, 3,3-dimethylhydantoin;, 
and S-ethyl-5-methy Ilhydantoin were very rapid with most of the 
BEEN don occurring in the firzt ZU minutes. 

The relative strength of adsorption of tha three solutes was 
established by the sinale solute, bisolute, and trisolute izo- 
Smee points as follows: hydantoin © S$,S-dimethylhydantoin 4 
S-ethy!-S-methylhydantoin. This relationship held true regardless 


Mme iat ive concentration of each solute with respect to the 


or 
ID 
O” 
(D 
ul 
| 


other az demonstrated by the coal gasification wastewsa 
ace curve. Even though S,s-dimethylhydantoin was present in 
Memeemtrations of 1977 mg/L, S-ethyl-S-methylhydantoin at concen- 
ons of 456 mg/L was still able to displace it from tha 
essen, and was therefore more strongly adsorbed. The bisolute 
and trisolute isotherim points also demonstrated competitive 
effects between the solutes relative to their respective 


50| 15255 of adsorption. MME e d e et bake was 
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ediy reduced by the presence of a second and third salute.‏ نا 
NAS given weight of activated carbon, there was a finite‏ 


minor adsorption sites that could ba utilized by the thre 


IT 


adsorbates. Although hydantoin was the least stronaly adsorbed 
era, tt was not totally desorbed by eigher the 5/35-dimethyl- 
Ion or the 3-ethyl-5S-methylhydantoin, and 5,5-dimethyl- 


5703515 was not totally desorbed by the S5S-ethy1-5-methylhyd=n- 


UI 


Eet, ince the X/m values for the lass strongly adsorbed cam- 


ENS ara lower than the corresponding X/m value for th single 


iti 


solute, it is obvious soma displacement of the weaker by the mora 


Edi adsorbed compoumd occurs. However, sinc an apparently 


(D 


large percentage of the weaker adsorbate, Aydantoin, would still 
ba adsorbed on the carbon after the most etrongly adsorbed com- 
pepe a -ethyl-a-methylhydantoain, had reached agquilibrium, ad- 
sorption sites on the carbon appear ta have a site specific 
ty for one particular solute over thea other. 


EUN cHuHSaractaristics ot the various adsorbates could bs tha 


leading cause of the adsorption Preferences encountered. The 
EN nce in molecular structure of the three solutes was the 
TEE Of the alkyl groups ar Hydrogen bonded to the C(5). 


Hydantoin had no alkyl groups and was the most weakly adsorbed. 
S-Ethyli-5-methyihydantoin had the largest molecular weiaht func- 
tional groups and was the most strongly adsorbed. 5 , 5-0 135 /زذاع‎ = 


BEE was in an intermediate position of adsorption strength. 


bas 





Mies Dí adsorption strength based upan functional sroups 
attached to the soluta molecules were previously faund by Belfort 


uy 3). 


D 


meee adiusted isotherm points within the hish, mid-range, 
ame roW-range for each single solute isotherm conclusively showed 
that at a PH of 4 and 7, the X/m values were within experimental 
error of the isotherm curve. At pH 9, however, the X/m value was 
much lower. Therefore, at a PH of 8, the amount af salute 
adsorbed per unit waight of carbon is singiticant]ly reduced. 

The X/m values for the single solute breakthrough curvas 
were either directly on or within experimental error of the X/m 
value for an equivalent solute concentration on the pure solute 
breakthrough curves. This phenomena enhances the probability that 
the single solute isotherms are accurate. 

For the bisolute and trisolute curves, tha X/m values deman- 
strated the adsorption preference of the activated carbon for tha 
nue» adsorbates. Exam E CRAIC 3,3-dimetny]- 
hydantain if more strongly adsorbed than hydantoin from the 
hydantoin/S,s-dimethylhydantain A/m valuas, and from theae trisol- 
ute A/m values, that S-ethyl-S-methylhydantoin is mora strongly 
adsorbed than both of the other two adsorbates. Also, by obser- 
ving the solute displacements which occurred on the actual bisol- 
mung trisolute breakthrough curves (Figures 17 through 20), a 


relative adsorption preference can be observed. 





The coal gasification wastewater breakthrough curves (Figur 


ju 


Bin TES associated X/m values (Table 10) yielded interestins 
EIN A comparison of the X/m values for the coal gasification 
Wastewater and pure solutes for equivalent solute concentrations 
(Table 11) showed significant reductions in the K/i values in the 
Wastewater. The adsorption of S3,a3-dimethylhydantoin was reduced 
Beer and that of S-ethy1-5-methylhydantoin was reducad 65% from 


tha adsorption that would be expectad in a pure solute <ystem. 


The probable reasons for the reduction in adsorption capacity are 


CO 


an, 
/ 


eu 


mx (1) the increase 1n pH from 3.6 in pure systems to 


a 


EB actual wastewater, and (2) competitian between the various 


ul 


Olutes in the wastewater. Fron Figures Tl; 127 and 133 ift was 


w hat at a pH of 9, the amount of pure solute adsorbed on 


n 


CTI 


the carbon was reduced. Since the wastewater has a pH of 3.75, it 


15 Probable that the pH had an effect in reducing the X/i values 
Tor the wattewater. In addition from the brselute and trisalute 
isotherm points (Figures S8, 9, and 10) it was demonstrated that 
competition between the solutes will reduce the amount of hydan- 
tains that will be adsorbed on activated carbon. In the coal gas- 
Ma ton wastewater, the hydantains were in competition with 
Phenol (which was more sztrongly adzorbad) which would reduce the 
A/m values for the hydantoins. DEIN Lbablüsstwat both condi- 


NEI-Ccontributed to a reduction in the amount of hvdantoi1ins 
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Ens 1n the wastawataser in comparison to tha pure solute 


w 
ES 
آنا‎ 
rr 
ID 


in 2 . 
EHnUths carban adsorptión studies, it is apparent that 
d 


cantons are pooriy adsorbed by activat arbon. Based upon an 


m 


EM us ot 95.5 mg/g for 5,5-dimethyvlihydantain (1377/7 mg/L) in 


Aaa as 1T1cation wastewatery, in order to reduce the 5,5-di- 


mathyihydantoin by 50% (1 g/L), the amount of carbon required is 


10.2 9 per liter of wastewater processed. Thit equate io eae Ok oO a 


ul 


- 
ao! 


imately 42.5 Tons/mgal which is an extremely high usage rate. 
A yom the TOC Breakthrough curve (Figure 22), the rapid 
fekt ob ot TOC from the beginning of the test indicates that 
some compounds within the wastewater are not adsorbed By the 
activated carbon at all. Therefora, adsorption by activated 
Carbon does not appear to be a visable alternative in the removal 
of hydantoins from tha wastewater. 

Se hyvdantojns are not rsadiliy adsorbed on carbon, a nan- 
polar adsorbent, the possibility exists that a polar adsorbent 
may ba more effective 1n removal of Rydantains from the waste- 
water. ME )ا‎ 05185155 are Prag@eipaliy sin the form of cationic 
species below a pH of 9.0-9.2, an anionic rasin may ba more 
efficiant in the removal of hydantoins. Further study would bea 


UTE to verify this theory. 
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